We successfully developed alumina ceramics vacuum chamber for the 3 GeV-RCS of J-PARC at JAEA. This chamber has titanium ‰anges and an outer RF shield to reduce duct impedance, and moreover TiNˆlm is coated on the inside surface to preclude charge build up and to reduce secondary emitted electrons. The outgassing rate of the ceramics chamber measured by the conductance modulation method has a su‹ciently low value of 1.2×10 -8 Pa m 3 s -1 m 2 after 50 hours pumping. The temperature of the titanium ‰ange became 459 C due to eddy current heating under dipole magnet operation. It was found that the radiation damage to the capacitor used for the RF shield of this duct was small, the capacitance only decreased by 7z after gamma ray irradiation of 30 MGy. In order to determine eŠect of the ceramics chamber on the proton beam, this ceramics chamber prepared for J-PARC was installed instead in the 12 GeV main ring at KEK-PS. The proton beam could be controlled to accelerate stably after installation, and thus it was found that this chamber did not in‰uence the beam very much. This ceramics chamber is thus usable for the 3 GeV-RCS of J-PARC.
Introduction
Japan Atomic Energy Agency (JAEA) and High Energy Accelerator Research Organization (KEK) have been working on a joint project for a high intensity proton accelerator. The accelerator complex consists of a 400 MeV linac, a 3 GeV rapid cycle synchrotron, and a 50 GeV synchrotron ring 1) .
The 3 GeV synchrotron ring accelerates a 400 MeV proton beam from a proton linac up to 3 GeV and then supplies it to the 50 GeV synchrotron ring. The 3 GeV synchrotron ring also supplies a neutron production target with a 3 GeV proton beam in order to produce a high intensity neutron beam. For this purpose, the 3 GeV synchrotron ring aims to generate a high power beam of 1 MW by setting 25 Hz as the repetition rate of acceleration pulsed, and 8.3×10 13 as the proton number per acceleration cycle. In a rapid cycling magneticˆeld of the 3 GeV synchrotron, an eddy current eŠect in a metal duct would produce an unacceptable perturbation of the mag-neticˆeld and unnecessarily large ohmic losses. A ceramic duct is a better choice than metal for use in the dipole and quadrupole magnets. Since a long ceramic duct can only be manufactured by metalizing and brazing duct segments, the mechanical strength and deterioration in the brazing joint must be examined. To use a ceramic duct, an electrically conductive layer is necessary on the ceramic so that the wall impedance is reduced and thus the beam is stabilized. The RF shield is designed as a high frequency passˆlter, where eddy current cannot be generated. The impedance of the RF shield is aŠected by the skin depth, which in turn is determined according to the electrical conductivity of the RF shield material and the geometrical structure. The alumina ceramics ducts have copper stripes on the outside surface of the ducts to reduce the duct impedance. In this RF shield, one of the ends of each stripe is connected to a titanium ‰ange by way of a capacitor in order to not only interrupt the eddy current loop but also ‰ow the pulsed wall current produced by the bunched beam.
In order not only to preclude any charge buildup but also to reduce secondary-emitted electrons when primary protons or electrons strike the surface, TiNˆlm is coated on the inside surface of the alumina ceramics duct. This paper describes the design concept and the production process of the alumina ceramics vacuum chamber, and also several kinds of vacuum chamber performance.
Design of vacuum chamber
Since the beam power of the 3 GeV-RCS is great, a large aperture vacuum chamber is necessary to minimize beam losses. In an uniformˆeld, the eddy currents in a circular chamber generate a dominantly dipoleˆeld with a sextupoleˆeld superimposed on the dipoleˆeld. In the case of a titanium beam duct of 100 mm radius and 100 mm thickness, the sextupole component (k 2 ) generated by an eddy current is estimated to be on the order of 10 -2 /m 2 , and the ratio DB eddy /B 0 is 3×10 -3 2) . These are not unacceptable values being, within the magneticˆeld allowance, and can be compensated by using some correction magnets.
Ohmic losses due to the eddy current would cause excessive outgassing from the metal duct surface, which in turn would increase the vacuum pressure. The eddy current heating per unit of the beam duct in the dipole magnet is estimated to be about 1260 W/m. Therefore, water-cooling of the metal duct would be necessary. A metal duct that is made of thinner sheets than the skin depth is not suitable for ducts in the magnets, due to its rf leakage and increased impedance. The longitudinal impedance would become large if the duct wall thickness is thinner than the skin depth. Although copper and aluminum have a thin skin depth, they would generate great rf losses and magneticˆeld disturbances. Therefore, an alumina ceramic is a better choice for use as a beam duct in magnets with a rapidly varyingˆeld. Moreover, in order to minimize maintenance time of the chamber, this chamber is designed to be titanium ‰anged.
An electrically conductive layer is necessary on the ceramic so that the wall impedance will be reduced, thus stabilizing the beam. Choices of materials for RF shield components, such as electrically conductive rods, capacitors for use as high frequency passˆlters and insulator frames, can be made without considering their outgassing rates if the RF shield is not in a vacuum. Further an exterior RF shield is easily checked for any damage. Since there are these advantages in placing the RF shield outside of the duct, an exterior RF shield is a viable choice for the 3 GeV-RCS.
An exterior RF shield requires careful design of the connection of its ends with ‰anges. RF shielding matching the beam envelope must be investigated with the goal of reducing the impedance. The RF shield is designed as a high frequency passˆlter, where eddy current cannot be generated. The impedance of the RF shield is aŠected by the skin depth, which in turn is aŠected by the electrical conductivity of the RF shield material and by the geometrical structure. The alumina ceramics ducts were designed to have copper stripes on the outside surface of the ducts to reduce the duct impedance. In this RF shield, one of the ends of each stripe is connected to a titanium ‰ange by way of a capacitor in order to not only interrupt the eddy current loop but also ‰ow the pulsed wall current produced by the bunched beam. The elec-tromagneticˆeld was measured, and based on this it was calculated that 50z or more of the area around the duct periphery is required to be covered by the stripes 3) .
In order not only to preclude any charge buildup but also to reduce secondary-emitted electrons when primary protons or electrons strike the surface, TiNˆlm is coated on the inside surface of the alumina ceramics duct. Experimental results of secondary yield measurements using a pulsed electron beam showed a noticeable reduction with a sputter coated TiNˆlm of 1-2 nm thickness; the yields of uncoated and 1 nm-coated alumina ceramics ducts were 6 and 1, respectively, with an incident beam energy of 1 keV 4) . This thickness of TiNˆlm is enough to reduce the electron emission from the ceramic.
Production of vacuum chamber
The requirements of dimensions and shapes for ceramics chambers are given in Table 1 . Since it is di‹cult to produce a long and large aperture alumina ceramics duct with an RF shield, in actual practice it is manufactured by joining duct segments which are 0.5-0.8 m long. We decided on a production process for a titanium ‰anged alumina ceramics vacuum duct with RF shield as follows. (1) duct segment production, (2) metallizing of the duct segments, (3) TiN coating of inner surface of the duct segments, (4) duct segment joining and metal ‰ange welding, (5) RF shield forming.
The mechanical strength of an alumina ceramics bar, ceramics-ceramics joint, titanium-ceramics joint and copper-ceramics joint was measured. The values were su‹ciently high for use in a vacuum chamber 5) .
Unit duct production
Since a ceramic mold is generally deformed during sintering in a furnace, a 3.5 m-long and 15 degree bended duct for the dipole magnet having an race-track cross section is di‹cult to make with accurate dimensions when the entire duct isˆred at once. We decided to manufacture the ceramics duct by joining 4 duct segments that are 0.8 m long with 1.5 and/or 2.0 degree edge angle. The segments should be produced with su‹ciently large wall thickness to suppress deformation during sintering. In order to obtain the required aperture and angle, it is necessary to apply a grinding or polishing process on the outside surface and both edges of the sintered duct. However, ceramics ducts that are subjected to any grinding or polishing after sintering have micro cracks on the surface. Since it was found that residual stress reached a depth of 40 mm from the ground surface after high speed grinding of 10 mm per 1 pass, we decided on grinding and polishing conditions as follows: The outside surface of the duct was grinded at 10 mm per 1 pass and the edges of the duct wereˆnished with polishing comprising 20 passes at 2 mm per 1 pass after several mm in length was ground at 10 mm per 1 pass. The duct was baked at 13009 C for 2 hours in an air environment at atmospheric pressure after grinding and polishing, to reduce the residual stress.
Metallizing
A stripe pattern of molybdenum-manganese (Mo-Mn) metallization layers isˆrst sintered on the exterior surface and ends of an alumina ceramics duct to produce the RF shielding and to join segments. The metallization layers are sintered in a wet hydrogen atmosphere at about 13509 C. The thickness of Mo-Mn layer is 7¿10 mm. A thin layer of nickel, about 2¿5 mm thick, is ap- plied by electroplating to protect the metallization layer from oxidation.
TiN coating
TiNˆlm of 10¿15 nm in thickness was coated on the inner surface of the duct by the hollow cathode discharge method in order to reduce secondary electron emission due to bombardment of protons or other particles on the surface. The surface of the ceramics duct is cleared up before TiN coating by pre heating at 2609 C in vacuum.
The thickness of the TiNˆlm was 12 nm with less than (10z variation in thickness, on the inside surface of a cylinder 580 mm long and 258 mm in diameter. The ratio of Ti/N in the TiNˆlm was 1/0.98.
Ceramics segments joint and metal ‰ange
Since it is di‹cult to make the change from air for glazing to wet-hydrogen for metallizing, a brazing method has been adopted not only in the segment joining sequence, but also for joining the titanium ‰ange and the duct in our project. The segments are metallized by Mo-Mn metallizing the ends and then brazing with Cu-Ag eutectic alloy (Cu: 72z, Ag: 28z), and the ‰anges also are welded at the sleeve to the ceramics segments by metallizing and brazing. The thickness of the Cu-Ag eutectic alloy is about 100 mm. The brazing is done by sintering in a vacuum atmosphere at about 8509 C. This joining method produces a rigid duct which need only be supported at its ends and thus avoids contact with magnet poles which would interrupt the 25 Hz variation of the magneticˆeld.
RF shield
The alumina ceramics ducts have copper stripes on their outside surface to reduce the duct impedance. In this RF shield, one of the ends of each stripe is connected to a titanium ‰ange by way of a capacitor in order to not only interrupt the eddy current loop but also ‰ow the pulsed wall current produced by the bunched beam. We adopted copper stripes as the RF shield, and adopted an electroforming method in which stripes of Mo-Mn metallization layer areˆrst sintered on the outer surface and then overlaid with copper using a periodic current reversal method 6) . The electrical conductivity of this electroformed copper is almost same as oxygen-free copper 7) . The electroformed copper stripes (5¿6 mm width and 0.5¿0.7 mm thick) on the ceramic duct are jumped over the braze joint so as to be electrically insulated from the Cu-Ag eutectic alloy. Each stripe is also insulated from the titanium ‰anges by a capacitor of 330 nF which is welded between stripe and ‰ange. Figure 1 is a picture of the titanium ‰anged ceramics vacuum duct with RF shield.
Experimental results and discussion

Outgassing
The outgassing rate of the ceramics chamber, which was TiN coated on inner surface of an almina ceramics duct of 298 mm diameter and 1000 mm length was measured by a conductance modulation method.
The chamber is kept dry after the Ni plating process, and is heated up to 8309 C in a vacuum furnace during brazing. Although an electrolytic solution is to be used for producing the rf shield in theˆnal process, the chamber is sealed by blank ‰anges so that the inner surface of the chamber can be degassed and kept clean.
As shown in Fig. 2 , the measured outgassing rate of the ceramics duct has a su‹ciently low value of 1.2×10 -8 Pa m 3 s -1 m -2 after 50 hours of pumping.
Temperature measurement
In order to determine the temperature increase of the titanium ‰ange of the ceramics duct due to eddy current heating under normal operation of a dipole magnet, the Fig. 2 Outgassing rate of ceramics chamber measured by conductance modulation method. temperature of the titanium ‰ange and sleeve was measured. Figure 3 shows the temperature of the titanium ‰ange and sleeve under normal operation of the dipole magnet. In thisˆgure,``boundary ceramics '' and``Ti '' mean the brazing point ceramics portions and titanium sleeve, respectively, and the thickness of the titanium sleeve at the thick area and the normal area are 6 mm and 2 mm, respectively. The dipole was operated at a 25 Hz frequency repetition rate, the magneticˆeld changing from 0.17 T to 1.1 T.
The maximum temperature of the titanium sleeve was about 659 C and this temperature was almost constant under 500 minutes of continuous operation. The room temperature was kept at 259 C. It was found from calculation that this temperature rise was caused by eddy current of the dipole magnet. The temperature of the titanium ‰ange was less than 459 C, showing that use of a clamp chain made of aluminum could be su‹cient to cool this system.
Radiation damage
In order to determine radiation damage to the capacitor, a gamma ray irradiation test was performed using the No. 2 gamma ray cells in the No. 1 Co-60 building of the Takasaki Establishment at JAEA. The interior environment in the cell is not controllable to speciˆc conditions, although fresh air is always blown in to expel ozone. Consequently, the environment for the irradiation experiments basically comprised the outside atmosphere with ambient temperature and humidity. The capacitor was installed by the gamma-ray source in the irradiation cell, and the dose absorption rate was 18 kGy/h as measured by an alanine dosimeter. Figure 4 shows capacitance measurement after gamma ray irradiation. The capacitance was measured at a frequency range of up to 100 Hz by an LCR meter. The capacitance decreased due to gamma ray irradiation, but the decrease reached a maximum before the irradiation dose reached 1 MGy and thereafter it was saturated. Since this decrease was only 7z after 30 MGy irradiation, it found that this capacitor was usable for our ceramics duct.
Beam study at KEK-PS
In order to determine the eŠect of ceramics chamber installation on the proton beam, the ceramics chamber prepared for J-PARC was installed in the 12 GeV main ring at KEK-PS. This chamber was installed at the I-6D area, which was located between a dipole magnet and steering magnet. Two short ceramics ducts, which were less than 50 mm in length, already were installed to cut the earth line between each metal vacuum duct in this area. The ceramics chamber was installed between these short ceramics ducts. The proton beam could be controlled to accelerate stably after installation, and thus it was found that this chamber did not in‰uence the beam very much.
In order to measure fr leakage generated by the beam, three loop antennas were set around the ceramics chamber. Fig. 5 shows a picture of the set-up of loop antennas. One was set at the middle point of the chamber and the others were set close to the titanium ‰ange of the chamber. The diameter of the loop antenna was 100 mm, and it was conˆrmed that this antenna has good sensitivity in the high frequency range of more than 80 MHz. The antenna signals during beam acceleration are shown in Fig. 6(a) . All antennas caught rf noise during beam acceleration.
In order to determine whether the ceramics chamber was an rf noise source, the rf noise from a ceramics chamber wrapped in aluminum foil was measured; results are shown in Fig. 6(b) . The signal from the aluminum foil wrapped ceramics chamber was almost same as the signal from a naked ceramics chamber. It was found from this experiment that the rf leaks not from the ceramics chamber but from another place.
In order to determine the source of this rf noise, the rf noise in a normal area, with no installation of a ceramics chamber, was measured by same loop antennas. The rf noise also could be detected in this area shown as Fig.  7(a) . This area also had short ceramics duct to cut oŠ earth current. The capacitance of this short ceramics duct was 0.15 mF. Since this was not enough capacitance to shut out the rf noise, it was concluded that the source of rf noise was these short ceramics ducts. When capacitance of this short ceramics duct was increased to 30 mF, the rf noise did not appear, as shown in Fig. 7 (b).
Conclusions
We successfully developed an alumina ceramics vacuum duct for the 3 GeV-RCS of J-PARC at JAEA. This chamber has titanium ‰anges and an outer RF shield to reduce duct impedance. The production process of the alumina ceramics vacuum duct was established, and mass production has been performed.
This chamber has good performance as follows, (1) The measured outgassing rate of the ceramics chamber by conductance modulation method has a su‹ciently low value of 1.2×10 -8 Pa m 3 s -1 m 2 after 50 hours pumping.
(2) The temperature of titanium ‰ange became 459 C due to eddy current heating under dipole magnet operation. (3) It was found that the radiation damage to the capacitor used for the RF shield of this duct was small, the capacitance became only decreasing by 7z after gamma ray irradiation of 30 MGy. (4) This chamber dose not become noise source during proton beam acceleration operation. In order to determine the eŠect of ceramics chamber installation on the proton beam, the ceramics chamber prepared for J-PARC was installed in the 12 GeV main ring at KEK-PS. The proton beam has been controlled to accelerate stably after installation, and thus it was found that this chamber did not so much in‰uence on the beam. This ceramics chamber is thus usable for the 3 GeV-RCS of J-PARC.
